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ABSTRACT A '*

Scanning tunneling microscopy (STM), atomic force microscopy (AFM), and the
modifications of AFMs [such as friction force microscopy (FFM)] are becoming increasingly
important in the understanding of fundamental mechanisms of friction, wear and lubrication
and in studying the interfacial phenomena in micro- and nanostructures used in magnetic
storage devices and micro-electromechanical systems (MEMS). In this paper, we describe
modified AFM and FFM techniques and present data on microtribological studies of
magnetic media-magnetic tapes and disks. Local variation in microscale friction is found to
correspond to the local slope suggesting that ratchet mechanism is responsible for this
variation. Wear rates for magnetic tapes are approximately constant for various loads and
test duration. However, for magnetic disks, the wear of the diamondlike carbon overcoat is
catastrophic. Evolution of the wear has also been studied using AFM. AFM has been
modified for nanoindentation hardness measurements. We have shown that hardness of ultra

thin films can be measured using AFM. AFM has also shown to be useful for

nanofabrication.
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1.0 INTRODUCTION

The capability of new techniques to measure surface topography, adhesion, friction,
wear and lubricant film thickness on a nanometer scale and to image lubricant molecules, and
the availability of supercomputers to conduct atomic-scale simulations, have led to the
development of a new field referred to as Microtribology, Nanotribology, Molecular
Tribology or Atomic-Scale Tribology. This field deals with experimental and theoretical
investigations of atomic and molecular processes involved in adhesion, friction, wear, and
thin-film boundary lubrication which occur ajat the sliding interface. Microtribological studies
are needed to develop a fundamental understanding of interfacial phenomena and for
studying interfacial phenomena in micro-and nano structures used in magnetic storage
systems, microelectromechanical systems (MEMS) and other industrial applications. The
components used in micro- and nano structures are very light (on the order of a few tens of
micrograms) and are operated under very light loads (on the order of a few micrograms to a
few milligrams). As a result, friction and wear (nanoscopic wear) of lightly-loaded
micro/nano components are highly dependent on the surface interactions (few ator._ic layers).
Microtribological techniques are ideal for studying the friction and wear processes of
micro/nano structures. These new instruments can also be used for nanofabrication.

Scanning Tunneling Microscope (STM) developed by Binnig et al. (1) is the first
instrument capable of directly obtaining three-dimensional (3D).images of solid surfaces with
atomic resolution. In STM, a tunneling current is sensed between a conducting solid and a
sharp metal tip (2) held about 0.3-1 nm above the solid surface with an operating voltage of
2mV to 2V. Because the current increases by approximately a factor of 10 for each 0.1 nm
the tip is brought closer to the surface, the tunneling current (micro to nano amperes) is a
very sensitive measure of the tip-surface distance. To image a sample surface, two
piezoelectric drivers raster the tip parallel to the plane of the sample. A feedback loop drives
a third piezoelectric element perpendicular to the sample to adjust the tip position to keep the
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current or tip-surface separation constant. The tip position gives a 3D image of the sample
surface.

Based on their design of STM, Binnig et al. (3) developed an Atomic Force
Microscope (AFM) [also called Scanning Probe Microscope (SPM)] to measure ultrasmall
forces (less than 1uN) present between the AFM tip surface and a sample surface. They
measured these small forces by measuring the motion of a cantilever beam having an
ultrasmall mass. While STM requires that the surface to be measured be electrically
conductive, AFM is capable of investigating surfaces of both conductors and insulators on an
atomic scale if suitable techniques for measurement of cantilever motion are used. In the
operation of high resolution AFM, the sample is generally scanned instead of the tip as in
STM, because AFM measures the relative displacement between the cantilever surface and
reference surface and any cantilever movement would add vibrations. However, AFMs are
now available where the tip is scanned and the sample is stationary. As long as AFM is
operated in the so-called contact mode, little if any vibration is introduced. AFMs can be
used to study engineering surfaces in dry and wet conditions as opposed to a surface force
apparatus (SFA) which can only be used to study liquid films between atomically-smooth
and optically-transparent surfaces (4-7). The scope of this paper is limited to AFM and its
modifications.

For imaging surfaces, AFM can be thought of as a nanometer scale profiler. A sharp
tip at the end of a cantilever (8) is brought in contact with a sample surface by moving the
sample with piezoelectric transducers. During initial contact, the atoms at the end of the tip
experience a very weak repulsive force due to electronic orbital overlap with the atoms in the
sample surface. The force acting on the tip causes a lever deflection which is measured by
tunneling (3), capacitive (9), or optical detectors such as laser interferometry (10, 11). The
optical techniques are believed to be reliable and easily implementable detection methods.
The deflection can be measured to within +0.02 nm, so for a typical lever force constant of

10 N/m a force as low as 0.2 nN (corresponding normal pressure ~1MPa for a tip radius of




about 50 nm) could be detected. This operational mode is referred to as "repulsive mode" or
"contact mode” (3). An alternative is to use "attractive force imaging" or "non-contact
imaging", in which the tip is brought in close proximity (within a few nm) to, and not in
contact with the sample (12). Very weak Van der Waals attractive force is present at the tip-
sample interface. Although in this technique the normal pressure exerted at the interface is
zero (desirable to avoid any surface deformation), it is slow, difficult to use and has poor
resolution, and is rarely useq outside research environments. In either mode, surface
topography is generated by laterally scanning the sample under the tip while simultaneously
measuring the separation-dependent force or force gradient (derivative) between the tip and
the surface. The force gradient is obtained by vibrating the cantilever and measuring the shift
of resonance frequency of the cantilever (12). To obtain topographic information, the
interaction force is either recorded directly, or used as a control parameter for a feedback
circuit that maintains the force or force derivative at a constant value. Force derivative is
normally tracked in non-contact imaging. With AFM operated in the contact mode,
topographic images with a vertical resolution of less than 0.1 nm (as low as 0.01 nm) and a
lateral resolution of about 0.2 nm have been obtained (13-15). With a 0.01 nm displacement
sensitivity, 10 nN to 1 pN forces are measurable. These forces are comparable to the forces
associated with chemical bonding, e.g., 0.1 uN for an ionic bond and 10 pN for a hydrogen
bond (3).

To minimize friction effects in the topography measurements in the contact-mode
AFMs and to measure topography of soft surfaces, AFMs can be operated in the so called
"force modulation mode” or "tapping mode" (16, 17). 1n the force modulation mode, the tip
is lifted and then lowered to contact the sample (oscillated at a constant amplitude) during
scanning over the surface with a feedback loop keeping the average force constant. This
technique eliminates frictional force entirely. The tip is oscillated at about 300 kHz with a 20-
100 nm amplitude introduced in the vertical direction. The amplitude is kept large enough so

that the tip does not get stuck to the sample because of adhesive attractions. Ti force




modulation mode can also be used to measure local variations in surface mechanical
properties.

An important property of AFM is its ability to go beyond topographic measurements
(18-20) and to investigate different phenomena (21) such as magnetism (magnetic force
measurements including its application for magnetic recording) (22-24), electrostatic
attraction, chemical interaction (25), adhesion (26-28), friction and wear (10, 29-32),
material manipulation (33), and thin-film boundary lubrication (34-39), to image lubricant
molecules (40, 41), to measure surface temperatures (42), and to measure surface mechanical
properties such as hardness and modulus of elasticity (16, 17, 43). STMs and AFMs have
also been used for nanofabrication (44, 45).

Mate et al. (10) were the first to modify an AFM in order to measure both normal and
friction forces and this instrument is generally called "Friction Force Microscope” (FFM) or
"Lateral Force Microscope” (LFM). They measured atomic-scale friction of a tungsten tip
sliding on a basal plane of a single grain of highly-oriented pyrolytic graphite (HOPG).
Since then several research groups have developed various designs of FFMs. As stated
earlier, modifications to AFM have also been made to study other phenomena. There are a
number of manufacturers who produce commercial AFM/FFM instruments with scanning
lengths ranging from about 0.7 pm (for atomic resolution) to about 100 pm or larger.

In this paper, we describe atomic force microscopy and its modifications developed
for microtribological studies to conduct friction, scratching, wear, indentation, and
lubrication studies, and its applications for nanofabrication. We also present the status of

microtribology of magnetic media.

2.0 DESCRIPTION OF AFM / FFM AND MEASUREMENT TECHNIQUES
We used a modified commercial AFM/FFM (Nanoscope III from Digital Instruments,
Inc., Santa Barbara, CA), Fig. 1, to conduct studies of friction, scratching, wear, indentation,

lubrication and nanofabrication (31, 32, 46). Simultaneous measurements of friction force and




surface roughness can be made using this instrument. The sample is mounted on a piezoelectric
tube (PZT) scanner which can precisely scan the sample in the horizontal (x-y) plane and can
move the sample in the vertical (z) direction. A sharp tip at the free end of a cantilever is
brought in contact with the sample. A laser beam from a laser diode is focused onto the back of
a cantilever near its free end. The cantilever is tilted downward at about 100 with respect to the
horizontal plane. The beam is reflected from the cantilever and is directed through a mirror
onto a split photodetector with four quadrants. Two quadrants (top and bottom) of the detector
are used for topography measurements. As the sample is scanned under the tip, topographic
features of the sample cause the tip to deflect in vertical direction. This tip deflection will
change the direction of the reflected laser beam, changing the intensity difference between the
top and bottom photodetector (AFM signal). For topographic imaging or for any other
operation in which the applied normal force is to be kept a constant, a feedback circuit is used
to modulate the voltage applied to the PZT scanner to adjust the height of the PZT, so that the
cantilever vertical defiection (given by the intensity difference between the top and bottom
detector) will remain almost constant during scanning. The PZT height variation is thus a direct
measure of surface roughness of the sample.

Microfabricated Si3Ng tips are used for topographic imaging, friction force
measurements, and for nanowear and nanoindentation studies at very light loads (about 100 nN
or less). Si3N4 cantilever beams with integrated square pyramidal tips with a tip radius of
about 30-50 nm are produced by plasma-enhanced chemical-vapor-deposition (PECVD) (Figs.
2a and 2b, top). The normal spring stiffness of these beams ranges from 0.06 to 0.58 N/m.
Single-crystal natural diamond tips are used for nanowear, nanoscratch and nanoindentation
measurements at relatively higher loads (1uN to 100 uN). The tips are ground to the shape of a
three-sided pyramid with an apex angle of 800 whose point is sharpened to a radius of about
100 nm (Figs. 2a and 2b, bottom). The tips are bonded with conductive epoxy to a gold-plated

304 stainless steel spring sheet (length= 20 mm, width= 0.2 mm, thickness= 20 to 60 um)




which acts as a cantilever. Free length of the spring is varied to change the beam stiffness. The
normal stiffness of the beam ranges from about 5 to 600 N/m for a 20 jum thick beam.

For measurement of friction force being applied at the tip surface during sliding, the other
two (left and right) quadrants of the photodetector (arranged horizontally) are used. The
sample is scanned back and forth in a direction orthogonal to the long axis of the cantilever
beam. Friction force between the sample and the tip will produce a twisting of the cantilever.
As a result, the laser beam will be reflected out of the plane defined by the incident beam and
the beam reflected vertically from an untwisted cantilever. This produces an intensity
difference of the laser beam received in the left and right quadrants of the photodetector. The
intensity difference between the left and right detectors (FFM signal) is directly related to the
degree of twisting, hence to the magnitude of friction force. One problem associated with this
method is that any misalignment between the laser beam and the photodetector axis would
introduce error in the measurement. However, by following the procedures developed by Ruan
and Bhushan (31), in which the average FFM signal as the sample is scanned in two opposite
directions is subtracted from the friction profiles of each scan, the misalignment effect can be
eliminated. By following the normal force and friction force calibration procedures developed
by Ruan and Bhushan (31), voltages corresponding to normal and friction forces can be
converted to force units. By making measurements at various normal loads, average value of
coefficient of friction is obtained which then can be used to convert the friction profile to the
coefficient of friction profile. Thus, any directionality and local variation of friction can be
measured. Surface topography data can be measured simultaneously with the friction data and
local relationship between the two profiles can be established.

Topography measurements were typically made using Si3Ng4 tip (normal cantilever
stiffness = 0.4 N/m) at a normal load of 10 nN and friction measurements were carried out in
the load range of 10 nN to 100 nN. The tip was scanned in a way that its trajectory on the
sample formed a triangular pattern (Fig.3) with a typical scanning speed of 25 nm/s in the fast

scan direction and 0.2 nm/s in the perpendicular direction for a 40 nm x 40 nm area. Speed was




increased accordingly for larger area scans (200 nm x 200 nm). 256 x 256 data points were
taken for each image. The uncertainty associated with the average coefficient of friction was
within about +15%.

In nanoscratch/nanowear studies, a diamond tip was used. Typical normal load used for
the scratch and wear ranged from 10 uN to 100 UN with a cantilever stiffness of about 25 N/m.
For wear, the scanning speed was 1 pmv/s in the fast scaa direction and 4 nm/s in the slow scan
direction and an area of 2jum x 2 pm was scanned. Sample surfaces were scanned before and
after the scratch or wear to obtain the initial and the final surface topography at a load of about
0.5 uN, over an area larger than the scratched or worn region to observe the scratch or wear
scars. Additional scratching or wear may have occurred during these scans, but this scratching
or wear is much smaller than that generated at higher loads (>10 uN) and is not of the concern.

Nanoindentation studies were conducted in the load range of 10 uN to 140 uN, using the
same diamond tip used for nanoscratch/wear studies. The operation procedures for
nanoindentation were similar to those used for nanowear except that the scan size was set to
zero in the case of nanoindentation, in order for the tip to continuously press the sample surface
for about two seconds. Indentation marks were generated on the sample surface as a result of
the normal load being applied by the tip. The surface was imaged before and after the
indentation at a normal load of about 0.5 uN. Nanohardness was calculated by dividing the
indentation load by the projected residual area.

Nanofabrication was performed on a (100) single-crystal silicon wafer by scratching the
sample surface with a diamond tip at specified locations and scratching angles. The normal

load used for the scratching (writing) was 40 uN and the writing speed was 500 nmy/s.

3.0 TEST SAMPLES
For the present study, one magnetic tape and four magnetic thin-film rigid disks were
selected (32). The tape was a 12.7-mm wide and 13.2-um thick (base thickness of 9.8 um,

magnetic coating of 2.9 um, and back coating of 0.5 pm) calendered single-layered metal-




particle (MP) tape with an rms roughness of about 5 nm. Four disks with a polished substrate
and with a standard textured substrate, with and without a bonded perfluoropolyether lubricant
were selected. These disks were 95-mm in diameter made of Al-Mg alloy substrate (1.3 mm
thick) with a 10 to 20-pum thick electroless plated Ni-P coating, 75-nm thick (Co79Pt14Ni7)
magnetic coating, 20 to 30-nm thick diamondlike carbon coating (~1500 kg/mm? as measured
using a Berkovich indenter), and with or without top layer of perfluoropolyether lubricant

coating. A (100) single-crystal silicon was also used for comparisons.

4.0 RESULTS AND DISCUSSION
4.1 Friction

Figures 4 to 7 are the surface profiles, the slopes of surface profiles taken along the
sample sliding direction, and friction profiles for the tape and the unlubricated and textured
disk for two scan sizes. No direct correlation between the surface profiles and the
corresponding friction profiles is observed in these figures, e.g., high and low points on the
friction profile do not correspond to high and low points on the roughness profile,
respectively. However, there is a correlation between the slope of the roughness profiles and
the corresponding friction profiles. In a paper by Bhushan and Ruan (32), we have presented
evidence of similar correlation on a microscale of 500 nm x 500 nm for the tape and disk
samples. We note that the AFM tip has a radius (typically about 30- to 50 nm) smaller than
that of most asperities on the magnetic media [typically around 100-200 nm (19)], the slope
of the sample surfaces taken in the sample sliding direction is expected to affect the local
friction. According to the ratchet mechanism proposed by Makinson (47) [also see Bowden
and Tabor (48)], the variation of friction is strongly correlated to the variation of the local
surface slope, with the ascending edge of an asperity having a larger friction force than that at
the descending edge.

Bhushan and Ruan (32) have previously measured macroscale friction of these

magnetic media samples as those used in this study against a silicon nitride ball. We found




that the macroscale coefficient of friction is about a factor of five larger than that of the
average microscale coefficient of friction of the corresponding samples (32). Larger macro
coefficient of friction may be the result of plowing effect associated with the macroscale
measurement since visible wear scars were observed on the samples after the measurement.
Bhushan and Ruan (32) had also observed the directionality in the local variation of micro-
scale friction data as the samples were scanned in either direction, resulting from the

scanning direction and the anisotropy in the surface topography.

4.2 Scratching and Wear

Tapes could be scratched at about 100 nN. With disks, surface deformation under a 100
nN normal load was not observable. It is possible that material removal did occur on an atomic
scale which was not observable with a scan size of about 1 pm square. As the load is increased
from nN range to uN range, severe scratches becomes visible for all samples tested. Figure 8
shows some of the scratching marks on a single-crystal (100) silicon, an unlubricated as-
polished disk and a calendered metal-particle tape. All scratching were done with 10 cycles.
Scratch depth as a function of load for the three samples is plotted in Fig. 9.

For silicon, gentle scratch marks were visible under a 10 uN load. At 40 uN load, the
scratch mark is about 50 nm deep and the depth of scratch increases with load. For disks, on
the other hand, a 40 uN load produced only a very gentle scratch (less than 10 nm). The scratch
depth increased slightly at the load of 50 N. Once the load is increased in excess of 60 uN, the
scratch depth increased rapidly. We believe that the carbon c.ating on the disk surface is
cracked at about 60 uN. This result indicates that the carbon coating is much harder to scratch
than the underlying material (thin-film magnetic material) and silicon. This is expected since
the diamondlike carbon coating is harder than silicon and the thin film magnetic material used
in the construction of disk (18). For the tape sample, severe scratch is produced even at a low

load of 4 uN.
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By scanning the sample (in 2D) while scratching, wear scars were generated on the
sample surface. Figure 10 shows the wear depth as a function of load for the as-polished,
unlubricated and lubricated disks with one scratch cycle. Figure 11 shows profiles of the
wear scars generated on an as-polished, unlubricated disk . The normal force for the imaging
was about 0.5 uN and the loads used for the wear were 20, 50, 80 and 100 1N as indicated in
the figure. We note that wear takes place relatively uniformly across the disk surface and
appears to be essentially independent of the lubrication for the disks studied. For both
lubricated and unlubricated disks, the wear depth increases slowly with load at Jow loads
with almost the same wear rate. As the load is increased to about 60 jN, wear increases
rapidly with load. The wear depth at 50 uN is about 14 nm, slightly less than the thickness of
the carbon film. The rapid increase of wear with load at loads larger than 60 iN is an
indication of the breakdown of the carbon coating on che disk surface.

Figure 12 shows the wear depth as a function of number of cycles for the as-polished
disks (lubricated and unlubricated). Again, for both unlubricated and lubricated disks, wear
initially takes place slowly with a sudden increase between 40 and 50 cycles at 10 uN. The
sudden increase occurred after 10 cycles at 20 uN. This rapid increase is associated with the
breakdown of the carbon coating. The wear profiles at various cycles are shown in Figs. 13
and 14 for an unlubricated as-polished disk at a normal load of 10 uN and 20 uN,
respectively. At a load of 10 uN, wear takes place relatively uniformly across the disk
surface, similar to those shown in Fig. 11. At a load of 20 uN (Fig. 14), wear is not uniform
and the wear is largely initiated at the texture grooves present on the disk surface. This
indicates that surface defects strongly affect the wear rate.

Corresponding wear results for the MP tape are shown in Figs. 15 to 18. The wear
depth increases nearly linearly at low loads (~ + uN with [ cycle) or with small number of
cycles (<20 cycles at 2 uN). The increase of wear with load or with number of cycles

becomes greater at a larger load (>5 pN, 1 cycle) or with a larger number of cycles (>25 at 2

UN).
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4.3 Indentation

The mechanical properties of materials can also be measured using AfM. Figure 19(a)
shows the gray scale plot of indentation marks generated with the diamond tipon a (111)
silicon wafer at normal loads of 70 and 100 uN. The triangular shape of the indents is clearly
observed. Figure 19(b) also shows the line plot of the inverted image of Fig. 19(a), indentation
marks representing the shape of the diamond tip used in the indentation (Fig. 2). The residual
areas of the indentation mark in Fig. 19 are about 4400 and 8600 nm? at 70 and 100 uN, from
which the hardness values of silicon surface were calculated to be about 16 and 12 GPa,

“respectively. The hardness values for Si at 100 uN is comparable to the microhardness values
for bulk Si reported by others (49).

As-polished disks were also indented at various loads. Figure 20 shows images of three
indents made at a load of 80, 100, and 140 uN with calculated hardness values of 21 GPa, 21
GPa, and 9.0 GPa, respectively. The hardness value at 80 uN and 100 puN is much higher than
at 140 uN. This is expected since the indentation depth is only about 10 nm at 80 puN and 15
nm at 100 uN which is smaller than the thickness of carbon coating (30 nm). The hardness
value at lower loads is primarily the value of the carbon coating. The indentation depth at 140
uN is 40 nm. At this depth, the hardness value is primarily the value of the magnetic film,
which is softer than the carbon coating (18). This result is consistent with the scratch and wear
data discussed previously.

For the case of hardness measurements made on magnetic disks at low loads,
indentation depth is on the same order as the variation in the surface roughness. For accurate
measurements of indentation size and depth, it is desirable to subtract the original
(unindented) profile from the indented profile. We developed an algorithm for this purpose.
Because of PZT hysteresis, a translational shift in the sample plane occurs during the
scanning period, resulting in a shift between images captured before and after indentation.

Therefore, we need to shift the images for perfect overlap before subtraction can be
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performed. [A similar approach is also being pursued by Lu and Bogy (50).] To accomplish
our objective, a small region on the original image was selected and attempt was made to find
the corresponding region in the indented image by maximizing the correlation between the
two regions. (Profiles were plane-fitted before subtraction.) Once the two regions were
identified, overlapped areas between the two images were determined and the original image
was shifted with the required translational shift and then subtracted from the indented image.
An example of profiles before and after subtraction is shown in Fig. 21. It 1s easier to

measure indent on the subtracted image.

4.4 Nanofabrication

A simple extension of nanoscratching is nanofabrication using AFM. Figure 22 shows
such an example. The letters "CMCL" were written on a (100) single-crystal silicon using a
diamond tip under a 40 uN normal force. The writing was done at a slow speed (0.2 um/s for
scratching each line). Some thermal drift of the PZT tube has occurred during the writing,
resulting in small shift in the marks. With a totally automated operation, it is possible to

significantly reduce the drifting effect and to improve the letter quality.

5.0 SUMMARY

{t has been shown that atomic force microscopy and friction force microscopy can be
used for various tribological studies. Data are presented which show that the ratchet
mechanism is responsible for the variation of microscale friction for the disks and a tape
studied. Diamondlike carbon coatings protects the disk surface up to a certain load. Once this
carbon coating is broken, disk material wears out rapidly. Wear takes places much faster near
texture grooves, indicating that surface defects strongly affect the wear properties of
materials. Wear of tape surface is pretty linear with load. Nanoindentations were made on

disks and on silicon and the hardnesses of the materials were calculated. Hardness at a
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penetration depth as low as 3 nm can be measured. AFM has also been shown to be useful for

nanofabrication.
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Figure Captions

I.  Schematic of AFM/FFM instrument.

2. (a) Schematics and (b) SEM micrographs of a PECVD Si3N4 cantilever beam with tip

and a stainless steel cantilever beam with diamond tip.

3.  Schematic of AFM tip trajectory on sample surfaces as the sample is scanned in two
dimensions. Scratch and wear take place along both the solid and dotted lines whereas

during imaging, data are recorded only during scans along the solid lines.

4. A 200 nm x 200 nm scan of a calendered metal-particle tape. (a) Surface roughness
profile (6= 6.1 nm), (b) slope of the roughness profile taken in the sample sliding
direction (the horizontal axis) (mean=-0.04, 6=0.30), and (c) friction profile (mean=5.7

nN, 0=2.2 nN) for a normal load of 80 nN. (o is the standard deviation.)

5. A 40 nm x 40 nm scan of a calendered metal-particle tape (a) Surface roughness profile
(0=2.8 nm), (b) slope of the roughness profile (mean=0.12, 6=0.45), and (c) friction
profile (mean=5.1 nN, 6=3.1 nN) for a normal load of 80 nN.

6. A 200 nm x 200 nm scan of an unlubricated, textured disk. (a) Surface roughness
profile (6=2.9 nm), (b) slope of the roughness profile (mean=-0.03, 6=0.22), and (c)
friction profile (mean=5.7 nN, 6=1.6 nN) for a normal load of 140 nN.

7. A 40 nm x 40 nm scan of an unlubricated textured disk. (a) Surface roughness profile
(0=1.2 nm), (b) slope of the roughness profile (mean=-0.08, 6=1.05), and (c) friction

profile (mean=4.9 nN, 6=2.4 nN) for a normal load of 140 nN.
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10.

11

12.

13.

14.

15.

16.

Surface profile for scratched (a) (100) single-crystal silicon, (b) unlubricated as-
polished disk, and (c) MP tape. Samples were scratched for 10 cycles. The load used for

various scratches are indicated in the plot.

Scratch depth as a function of load for (100) single-crystal silicon, an unlubricated as-
polished disk and a MP tape shown in Fig. 8.

Wear depth as a function of load for both lubricated and unlubricated as-polished disks

after one cycle.
Surface profile of an as-polished unlubricated disk showing the worn region (center
2um x 2 pm) after one cycle of wear. The normal load and the number of test cycles are

indicated in the figure.

Wear depth as a function of number of cycles for as-polished, lubricated and

unlubricated disks at 10 uN and for an as-polished, unlubricated disk at 20 uN.

Surface profile of an as-polished unlubricated disk showing the worn region (center

2pum x 2 pum). The normal load and the number of test cycles are indicated in the figure.

Surface profile of an as-polished, unlubricated disk showing the worn region (center

2pum x 2 pm). The normal load and the number of test cycles are indicated in the figure.

Wear depth as a function of load for a calendered MP tape after one cycle.

Surface profile of a calendered MP tape showing the worn region (center 2um x 2 um).

The normal load and the number of test cycles are indicated in the figure.
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17.

18.

19.

20.

21.

22.

Wear depth as a function of number of cycles for a calendered MP tape at 2 uN.

Surface profile of a calendered MP tape worn (center 2um x 2 pm region). The normal

load and the number of test cycles are indicated in the figure.

(a) Gray scale plot and (b) inverted line plot of indentation marks on (111) single-
crystal silicon at 70 and 100 uN.

Nanoindentation marks generated on an unlubricated as-polished disk. The normal load
used in the indentation, the indentation depths and the hardness valucs are indicated in

the figure.

Images with nanoindentation marks generated on an unlubricated as-polished disk at

140 uN (a) before subtraction, and (b) after subtraction.
Example of nanofabrication. The letters "CMCL" (which stands for Computer

Microtribology and Contamination Laboratory) were generated by scratching a (100)

silicon surface using a diamond tip at a normal load of 40 uN.
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